Recent studies have identified single nucleotide polymorphisms (SNPs) that significantly modify breast cancer risk in BRCA1 and BRCA2 mutation carriers. Since these risk modifiers were originally identified as genetic risk factors for breast cancer in genome-wide association studies (GWASs), additional risk modifiers for BRCA1 and BRCA2 may be identified from promising signals discovered in breast cancer GWAS. A total of 350 SNPs identified as candidate breast cancer risk factors (P < 1 3 10 23 ) in two breast cancer GWAS studies were genotyped in 3451 BRCA1 and 2006 BRCA2 mutation carriers from nine centers. Associations with breast cancer risk were assessed using Cox models weighted for penetrance. Eight SNPs in BRCA1 carriers and 12 SNPs in BRCA2 carriers, representing an enrichment over the number expected, were significantly associated with breast cancer risk (P trend < 0.01). The minor alleles of rs6138178 in SNRPB and rs6602595 in CAMK1D displayed the strongest associations in BRCA1 carriers (HR 5 0.78, 95% CI: 0.69 -0.90, P trend 5 3.6 3 10 24 and HR 5 1.25, 95% CI: 1.10 -1.41, P trend 5 4.2 3 10 24 ), whereas rs9393597 in LOC134997 and rs12652447 in FBXL7 showed the strongest associations in BRCA2 carriers (HR 5 1.55, 95% CI: 1.25 -1.92, P trend 5 6 3 10 25 and HR 5 1.37, 95% CI: 1.16 -1.62, P trend 5 1.7 3 10 24 ). The magnitude and direction of the associations were consistent with the original GWAS. In subsequent risk assessment studies, the loci appeared to interact multiplicatively for breast cancer risk in BRCA1 and BRCA2 carriers. Promising candidate SNPs from GWAS were identified as modifiers of breast cancer risk in BRCA1 and BRCA2 carriers. Upon further validation, these SNPs together with other genetic and environmental factors may improve breast cancer risk assessment in these populations.
INTRODUCTION
Deleterious germline mutations in the BRCA1 and BRCA2 genes confer high risks of breast and ovarian cancer. However, there is a substantial variation in breast cancer risks among carriers of BRCA1 and BRCA2 mutations, due to a combination of genetic and lifestyle factors, with penetrance estimated at between 40 and 87% by age 70 (1 -7). In addition, there is significant variability in the age of onset of cancer and the site of cancer in these populations (1 -3) . Studies of high-risk families quantifying the extent of risk variation have suggested that other genetic factors may modify the risk of breast cancer associated with BRCA1 and BRCA2 mutations (4 -6) .
Initial efforts to identify genetic modifiers of breast cancer risk in BRCA1 and BRCA2 mutation carriers through candidate gene studies established that homozygosity for the RAD51 135G.C allele is associated with increased breast cancer risk in BRCA2 mutation carriers, but not in BRCA1 carriers (7 -10) . Subsequent efforts have focused on evaluation of common breast cancer susceptibility loci that harbor single nucleotide polymorphisms (SNPs) exhibiting genome-wide significant (P , 1 × 10 27 ) associations with breast cancer (11 -17) . Studies of six of these SNPs by the Consortium of Investigators of Modifiers of BRCA1/2 (CIMBA) recently showed that SNPs in the FGFR2, MAP3K1, TNRC9, LSP1 and 2q35 loci but not the 8q24 locus were significantly associated with breast cancer risk in BRCA2 mutation carriers (18, 19) . In contrast, only SNPs in the TNRC9 and 2q35 loci exhibited significant associations with risk in BRCA1 carriers (18, 19) . Since 70% of breast tumors in BRCA1 carriers are estrogen receptor (ER) negative, this finding is consistent with the observation that these SNPs are more strongly associated with ER positive than ER negative breast cancer in the general population (20) . Together, these variants account for 0.7 and 3.7% of the genetic modifying variance of breast cancer risk in BRCA1 and BRCA2 carriers, respectively (21) .
Thus, a large proportion of the genetic variability underlying breast cancer in BRCA1 and BRCA2 carriers remains to be elucidated.
These findings suggest that selection of SNPs displaying highly significant associations with breast cancer in genomewide association study (GWAS) of unselected breast cancers is an efficient method for identification of modifiers of breast cancer risk in BRCA1 and BRCA2 carriers. Under this model, which relies on selection of small numbers of highquality candidate SNPs displaying highly significant associations with the phenotype of interest, it may be possible to avoid the need for additional GWAS and to reduce the number of samples required to identify variants significantly associated with the related disease phenotype. In order to test this model and to identify additional common genetic variants associated with breast cancer risk in BRCA1 and BRCA2 carriers, we selected 295 SNPs highly significantly associated with breast cancer risk (P , 10
23
) in breast cancer GWAS conducted in the UK (UK1) (11, 15) and by the Cancer Genetic Markers of Susceptibility (CGEMS) consortium (12, 17) , along with 55 SNPs selected from candidate SNPs displaying association with breast cancer risk in a Mayo Clinic breast cancer case -control study. These variants were genotyped in BRCA1 and BRCA2 mutation carriers from nine studies involved in CIMBA. Here we demonstrate that a number of SNPs associated with breast cancer risk in BRCA1 and BRCA2 mutation carriers can be identified using this model and we evaluate the influence of the SNPs on age-related risk of breast cancer to show the potential utility of risk modifiers for cancer risk assessment in the BRCA1 and BRCA2 carrier populations.
RESULTS
Genotyping data for 333 SNPs on 3451 BRCA1 and 2006 BRCA2 carriers from nine centers were available for analysis after exclusion of 225 samples and 17 SNPs during quality assessment. A total of 3030 carriers from the nine study groups were diagnosed with breast cancer, while 2427 additional carriers were unaffected at the date of last observation (n ¼ 1807), were diagnosed with ovarian cancer (n ¼ 412) or had undergone a bilateral prophylactic mastectomy (n ¼ 208). From the overall analysis of individual SNPs, a total of 8 displayed significant associations (P , 0.01) with breast cancer risk in BRCA1 mutation carriers and 12 exhibited associations (P , 0.01) with breast cancer in BRCA2 mutation carriers. In contrast, only three were expected to be associated with breast cancer in BRCA1 and BRCA2 carriers by chance. The estimated HRs and P-values of the SNPs exhibiting significant associations (P , 0.01) are shown in Table 1 .
Several SNPs recently identified and validated as genetic risk factors for breast cancer in the general population through breast cancer GWAS were included in this study and were evaluated as modifiers of breast cancer risk in BRCA1 and BRCA2 carriers. rs4415084 from the MRPS30 locus on chromosome 5p12 (14) (P ¼ 0.005) and rs2107425 from H19 (11) (P ¼ 0.015) were significantly associated with breast cancer in BRCA1 carriers, whereas the MRPS30 SNPs, rs10941679 (P ¼ 0.0054) and rs2067980 (P ¼ 0.0036), but not rs4415084, were associated with breast cancer in BRCA2 carriers (Table 1; Supplementary Material,  Table S1 ). In addition, rs6504950 from the STXBP4/COX11 locus at 17q23.2 (15), rs16886165 from the MAP3K1 locus (11), rs6735174 from the TNP1 locus at 2q35 in high LD (r 2 ¼ 0.80) with rs13387042 (17) and rs2107425 from the H19 locus (11) displayed marginally significant associations (P , 0.05) in BRCA2 carriers, but not in BRCA1 carriers (Table 1; Supplementary Material, Table S5 ). In contrast, rs1357245 from NEK10 at 3p24 (15) , rs4973768 from SLC4A7 at 3p24 (15) and rs999737 from RAD51L1 at 1p11.2 (17) did not display significant associations with breast cancer risk in either BRCA1 or BRCA2 carriers (Table 1; Supplementary Material, Table S1 and S5).
The SNPs showing the strongest associations with breast cancer in BRCA1 carriers in this study were rs6138178 in SNRPB and rs6602595 in CAMK1D (HR ¼ 0.78; 95% CI: 0.69-0.90, P trend ¼ 0.00036, and HR ¼ 1.25; 95% CI: 1.10-1.41, P trend ¼ 0.00042, respectively). When applying false discovery rate (FDR) to account for multiple testing, these SNPs showed probabilities of false positive associations of less than 7% (q ¼ 0.07) in BRCA1 carriers ( No apparent heterogeneity in the study-specific HR was observed for rs6138178 (P het ¼ 0.82) or rs6602595 (P het ¼ 0.27) for BRCA1 mutation carriers (Fig. 1) .
To investigate whether the inclusion of ovarian cancer cases influenced associations with breast cancer risk in BRCA1 mutation carriers, analyses were performed after excluding all 315 individuals diagnosed with ovarian cancer only or ovarian cancer prior to breast cancer. A total of 32 SNPs displayed significant associations with breast cancer including rs6138178 in SNRPB and rs6602595 in CAMK1D (P trend ¼ 0.03 and 0.004, respectively). Interestingly, rs6590224 from the KIRREL3 locus was also highly significantly associated with risk (HR ¼ 1.45; 95% CI: 1.23-1.71, P trend ¼ 1.0 × 10 25 ) in the absence of the ovarian cases (Supplementary Material, Table S2 ). Next, the influence of inclusion of prevalent cases was assessed by exclusion of all cases diagnosed with breast cancer more than 5 years before recruitment. A total of 21 SNPs including rs6138178 in SNRPB (P trend ¼ 0.006) and rs6602595 in CAMK1D (P trend ¼ 0.017) displayed Table S3 ). In addition, because risk-reducing oophorectomy (RRO) reduces the risk of breast cancer in BRCA1 carriers by up to 50% (21), we included RRO as a time-dependent covariate in the analysis. Little influence on the associations with breast cancer risk was observed (Supplementary Material, Table S4 ). In BRCA2 carriers, rs9393597 in LOC134997 (HR ¼ 1.57; 95% CI: 1.25 -1.92, P trend ¼ 6 × 10 25 ) and rs12652447 in FBXL7 (HR ¼ 1.37; 95% CI: 1.16 -1.62, P trend ¼ 1.7 × 10 24 ) displayed the strongest associations with breast cancer risk (Table 1) . When applying FDR, rs9393597 in LOC134997 and rs12652447 in FBXL7 showed probabilities of false positive associations of less than 5% (q , 0.05) ( Table 1) . For both SNPs, the estimated risk in homozygotes was higher than in heterozygotes. While there was no evidence of heterogeneity in the per-allele HRs for rs9393597 (P het ¼ 0.48) among BRCA2 mutation carriers from the nine centers, some evidence of heterogeneity for rs12652447 (P het ¼ 0.002) was observed ( Fig. 1) . When repeating the analysis after exclusion of the Austria, Mayo and ModSquad studies that contributed less than 100 BRCA2 carriers (Table 2) , there was no evidence of heterogeneity (P het ¼ 0.66) and little change in the per-allele HR (1.37-1.33).
The sensitivity of the SNP associations with breast cancer to the presence of ovarian cancer cases and prevalent breast cancer cases in BRCA2 carriers was also assessed. After exclusion of all ovarian cancer cases, 30 SNPs displayed significance (P , 0.05) including rs9393597 in LOC134997 (P trend ¼ 0.008) and rs12652447 in FBXL7 (P trend ¼ 0.0006) (Supplementary Material, Table S6 ). Similarly, exclusion of prevalent cases yielded 29 SNPs displaying significant associations (P , 0.05) with breast cancer, including rs9393597 in LOC134997 (P trend ¼ 0.0002) and rs12652447 in FBXL7 (P trend ¼ 0.005) (Supplementary Material, Table S7 ). Likewise, little effect on the associations with breast cancer was observed after multivariate analysis including RRO as a timedependent covariate (Supplementary Material, Table S8 ).
It has previously been postulated that genetic modifiers of breast cancer risk may prove useful for refined cancer risk assessment for BRCA1 and BRCA2 carriers (18) . Thus, in subsequent risk assessment studies, we investigated the possible application of SNPs with strongest associations to cancer risk assessment in BRCA1 and BRCA2 carriers. Initially, the proportion of risk-modifying variance in BRCA1 mutation carriers explained by SNRPB rs6138178 and CAMK1D rs6602595 was estimated at 1.6 and 2.0%, respectively. Subsequently, assessment of associations between combinations of these SNPs and breast cancer risk showed that a model containing only the two ordinal SNP effects performed as well as more complex models (Table 3) . Under this simple model, the (TT,GG) genotype had the highest HR of 1.81, whereas the (TG,AG) and (GG,GG) genotypes had the same average risk as observed in all BRCA1 carriers (Table 3 ). Figure 2 shows the estimated magnitude of the effects of the individual SNPs and the combined SNPs under the simple ordinal model on the cumulative incidence of breast cancer.
Similarly, the proportion of risk-modifying variance in BRCA2 mutation carriers predicted to be explained by LOC134997 rs9393597 and FXBL7 rs12652447 was 3.9 and Figure 1 . Study-specific per allele hazards ratio estimates for selected SNPs in BRCA1 and BRCA2 mutation carriers. (A) HR estimates for rs6138178 from the SNRPB locus and rs6602595 from the CAMK1D locus. (B) HR estimates for rs12652447 from the FBXL7 locus and rs9393597 from the LOC134997 locus. The area of each square is proportional to the sample size of each study. Horizontal lines represent the 95% CI for each study.
2.9%, respectively. Here a model including the two ordinal SNP effects together with a multiplicative interaction fit the observed data better than the simple model that included only the two ordinal SNP effects (P ¼ 0.032). Figure 2 shows the estimated magnitude of the effects of the individual and the combined SNPs under this model on the cumulative incidence of breast cancer. BRCA2 mutation carriers homozygous for the minor risk alleles at both loci (GG,AA) and with (AG,AA), (GG,GA), (AG,GA) and (AA,AA) genotypes had higher age-related cumulative breast cancer risk than the average incidence in the BRCA2 carriers, consistent with multiplicative interactions between disease alleles (Table 3 and Fig. 2 ). Approximately 31% of BRCA2 mutation carriers were predicted to have HRs in excess of 1.5 (Table 3 and Fig. 2 ).
DISCUSSION
By evaluating candidate genetic risk factors for breast cancer risk from two recent breast cancer GWAS, we have identified several potential modifiers of breast cancer risk in BRCA1 and BRCA2 mutation carriers. In particular, rs6138178 in SNRPB and rs6602595 in CAMK1D were significantly associated with breast cancer in BRCA1 carriers, while rs9393597 in LOC134997 and rs12652447 in FBXL7 were significantly associated with breast cancer in BRCA2 carriers, each reaching P , 0.001. Of these, the rare allele of rs6138178 in SNRPB was associated with a reduced risk of breast cancer, whereas the rare alleles of rs6602595 in CAMK1D, rs9393597 in LOC134997 and rs12652447 in FBXL7 were all associated with increased risk. Importantly, the HR estimates for these four SNPs were quite consistent across the nine study groups (Fig. 1) . These observations and the finding that the SNPs remained significantly associated with breast cancer risk after exclusion of ovarian cases, after exclusion of prevalent cases, and after evaluation of the influence of RRO, support a role for these variants as risk modifiers.
Although none of the associations for SNPs evaluated in this study reached 'genome-wide' levels of significance, there was an excess of association significant at the P , 0.01 level (8 in BRCA1 carriers, 12 in BRCA2 carriers, compared with 3 expected by chance). Also only 1 of the 8 SNPs in BRCA1 carriers and 2 of the 12 SNPs in BRCA2 carriers were previously established in breast cancer loci (all in 5p12). Since previous CIMBA studies have shown that the majority of established breast cancer SNPs are associated with breast cancer risk in BRCA2 carriers and, in some cases, BRCA1 carriers, the suggestion is that some of the other significant SNPs reported here may reflect true associations with breast cancer in BRCA1 and BRCA2 mutation carriers. The results also suggest that SNPs in GWAS that do not reach genome levels of significance (P , 1 × 10
27
) for association with breast cancer may still account for effects in a BRCA1 or BRCA2 mutant background. Thus, evaluation of larger numbers of SNPs displaying moderate associations in GWAS, such as P , 1 × 10
23
, may be an efficient strategy Unaffected (earliest of age at last follow up, age at ovarian cancer diagnosis, age at prophylactic mastectomy; age 80). for identifying further genetic modifiers in BRCA1 and BRCA2 carriers. This approach may also be a useful strategy for identifying genetic modifiers for familial forms of other diseases, such as hereditary nonpolyposis colorectal cancer. Further studies with larger numbers of BRCA1 and BRCA2 carriers will be needed to establish which particular SNP associations can be replicated, and to estimate precisely the risks associated with each locus. In addition, the results raise the possibility that certain SNPs that show modest associations in casecontrol studies may show stronger effects in BRCA1 or BRCA2 carriers because breast cancer in BRCA1 or BRCA2 carriers may have less heterogeneity. Thus, additional studies using unselected breast cancer cases, perhaps in subgroups of cases defined by pathology, should be undertaken to determine if these SNPs are genetic risk factors for breast cancer in non-carriers. None of the four most strongly associated SNPs are putative functional variants. The rs6138178 variant is located in the first intron of SNRPB on chromosome 20p13 and encodes a nuclear component of small ribonucleoprotein particles (snRNPs) which are essential for pre-mRNA splicing. The SNP is in high LD with rs3746687 (r 2 . 0.8), a variant in the 3 ′ -UTR of ZNF434, encoding a zinc finger protein of unknown function. Interestingly, rs6138178 was selected for this study based on an association with breast cancer in premenopausal women (P 2df ¼ 7 × 10
24
) in a Mayo Clinic breast cancer case -control study, which is consistent with the association with risk in BRCA1 carriers who develop breast cancer at a younger age. SNP rs6602595, identified through the UK1 GWAS, is located in the first intron of CAMK1D, which encodes a calcium-/calmodulin-dependent serine/threonine protein kinase. CAMK1D is frequently amplified and overexpressed in basal-like breast tumors, and has been shown to promote an epithelial-to-mesenchymal transition of breast epithelial cells, consistent with the basal-like tumor phenotype (22) . Since BRCA1 mutant breast tumors are predominantly basal-like (23), it is possible that common genetic variation in CAMK1D may contribute to this tumor phenotype. The rs9393597 SNP associated with risk in BRCA2 carriers was also initially associated with breast cancer in the UK1 GWAS. The closest gene to rs9393597 is FAM65B, encoding a potential myogenic factor in cell differentiation, cytoskeletal rearrangements and filopodia formation. The rs12652447 SNP associated with risk in BRCA2 carriers was selected following near-genome wide significant validation by CGEMS of a UK1 GWAS candidate SNP. This variant is located within an intron of FBXL7, which encodes an F-box containing protein that constitutes ubiquitin-dependent ligase complexes (SKP1-Cullin-F-box) essential in phosphorylation-dependent ubiquitination and proteosome-dependent degradation.
As noted earlier, none of the 8 SNPs in BRCA1 carriers and 12 SNPs in BRCA2 carriers displayed significant associations in both BRCA1 and BRCA2 carriers. The absence of SNPs displaying significance in both populations (Supplementary Material, Tables S1 and S2) is consistent with evidence that BRCA1 and BRCA2 carriers represent pathologically distinct diseases (23) . Analysis of genetic risk factors for breast cancer identified through GWAS suggests that more of these loci are significantly associated with breast cancer risk in BRCA2 carriers than BRCA1 carriers (18, 19) , which is consistent with the outcome of our own study. The ER-negative nature of BRCA1 breast cancer also raises the possibility of the existence of a distinct set of SNPs that modify risk in BRCA1 carriers but may not necessarily display strong associations in the general population.
In an effort to demonstrate the potential utility for breast cancer risk modifiers in cancer risk assessment for BRCA1 and BRCA2 carriers, we conducted preliminary analyses in which the effects of the SNPs with strongest associations and combinations of the SNPs on the age-related cumulative risk of breast cancer in carriers were estimated (Fig. 2) . The average cumulative risk at the age of 50 years was estimated at 43% among BRCA1 carriers and almost 20% among BRCA2 carriers, which is consistent with previous assessments (1) . In BRCA1 carriers, subjects with the combination of the minor alleles of rs6602595 and the major alleles of rs6138178 showed an increase in risk at age 50 from 43 to 58%, whereas individuals with the opposite alleles showed a decrease in risk at age 50-27%. Overall, significantly more carriers were predicted to have elevated breast cancer risk than reduced risk (40.8 versus 20.9%). In BRCA2 carriers, the minor alleles of the SNPs were associated with an increase in risk from an average of 20 up to 50% by age 50. These observations serve to demonstrate the potential utility of SNPs for cancer risk assessment in BRCA1 and BRCA2 carriers. The results suggest that combinations of several modifier loci, when identified, may allow identification of subsets of carriers at high risk of cancer at young age who can benefit from early intervention, and carriers at low or even population-based levels of risk who may delay or avoid current intervention methods such as prophylactic oophorectomy and mastectomy. However, in the context of the current study, it should be recognized that the influence of the SNPs on age-related risk of breast cancer may well be attenuated upon further validation with larger numbers of BRCA1 and BRCA2 carriers. Similarly, the incorporation of family history and environmental risk factors that also influence the lifetime risk of breast cancer may substantially modify the age-related risk models shown here. Despite the need for more refined estimation of risk in the future, our results support the notion that the addition of fully characterized modifier loci to risk models will lead to improved risk assessment for patients carrying deleterious mutations in BRCA1 and BRCA2. Thus, in time modifier loci may significantly influence the approach to genetic counseling, prevention and routine care of these high-risk patients.
MATERIALS AND METHODS

BRCA1 and BRCA2 mutation carriers
Nine large studies from eight countries (Australia, Austria, Britain, Czech Republic, France, Germany, the Netherlands and the USA) provided DNA samples, clinical and risk factor data from BRCA1 and BRCA2 mutation carriers for this study ( Table 2 ). The majority of carriers were recruited through cancer genetics clinics offering genetic testing, and were enrolled into site-specific studies (Mayo and UPENN) or national studies. Eligibility was restricted to individuals with pathogenic BRCA1 or BRCA2 mutations (10) over 18 years of age, with available genomic DNA from blood samples, and phenotypic information including country of residence, year of birth, mutation description, age at last follow-up, diagnosis date of invasive breast and/or ovarian cancer, age of bilateral mastectomy or oophorectomy, and family identifiers (Table 4 ). All carriers were recruited to studies at the host institutions under IRB-approved protocols. Only self-reporting Caucasian women were included in the analysis. Carriers with both BRCA1 and BRCA2 mutations were excluded. Duplicate samples were identified based on the year of birth, exact mutation description, age at onset of disease and SNP genotyping data from the present and past CIMBA studies and were included only once in the analysis. The date of blood draw was identified as the date of ascertainment for each carrier. Figure 2 . Age-related modifying effects of breast cancer risk by selected SNPs in BRCA1 and BRCA2 mutation carriers. Cumulative risk modifying effects of rs6138178 and rs6602595 combined (A), rs6138178 (B) and rs6602595 (C) genotypes in BRCA1 mutation carriers. Cumulative risk modifying effects of rs9393597 and rs12652447 combined (D), rs9393597 (E) and rs12652447 (F) genotypes in BRCA2 mutation carriers. All possible genotypes of the loci and their frequencies in BRCA1 or BRCA2 mutation carriers are shown. 'Average' represents the cumulative breast cancer risk over all possible modifying effects among BRCA1 or BRCA2 mutation carriers.
SNP selection and genotyping
The exact concentration of DNA in each sample was measured using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen). The quality of the DNA was assessed by electrophoresis on E-Gel-96 1% agarose gels (Invitrogen). Samples with severely degraded DNA were excluded from the study. A total of 5685 samples from mutation carriers and 110 duplicates (2%) at a concentration of 50 ng/ml (250 ng total per sample) were selected for genotyping. A single Illumina custom-designed 384-plex OPA containing 350 non-overlapping SNPs from two breast cancer GWAS and a Mayo Clinic candidate SNP study were generated. This included 142 SNPs displaying the most significant associations (P ,1 × 10 23 ) with breast cancer in stage 2 of the CGEMS breast cancer GWAS (17) , 54 SNPs from the UK1 GWAS (11) displaying the most significant associations (P , 1 × 10 23 ) with breast cancer when combining data from SEARCH and CGEMS, 99 SNPs displaying the most significant associations (P , 1 × 10
23
) with breast cancer in the combined SEARCH stage 1 and 2 data and 55 SNPs displaying the most significant associations (P , 1 × 10 22 ) with breast cancer in associations studies using the Mayo Clinic Breast Cancer Study (MCBCS) (24 -26) . DNA samples were arranged as a random mixture of breast cancer affected and unaffected carriers in 63 × 96 well plates with four DNA controls consisting of a trio of CEPH controls plus a random genomic control per plate. Following genotyping, SNPs with a minor allele frequency (MAF) ,0.05 or with a call rate ,95% were excluded from the analysis (n ¼ 13). An additional four SNPs which deviated significantly from Hardy -Weinberg equilibrium (HWE) (P , 1 × 10 27 ) were excluded. A total of 154 samples were excluded due to missing phenotypic data, and 74 samples were excluded due to SNP call rates ,95%. Using the genotypes available, three duplicate individuals from different study centers were identified and removed. The concordance rate between duplicates was 100%. After all quality control was completed, a total of 5457 unique mutation carriers (3451 BRCA1 and 2006 BRCA2) with genotyping data for 333 SNPs were analyzed (Table 2) .
Statistical analyses
Associations between SNPs and breast cancer risk in BRCA1 and BRCA2 mutation carriers were evaluated using a Cox proportional hazards model. Each subject was followed from birth to breast cancer, or when unaffected by breast cancer to the earliest of bilateral mastectomy, ovarian cancer, last follow-up or age 80. To adjust for the non-random sampling of mutation carriers, analyses were carried out within a weighted cohort framework (27) . Individuals were assigned weights based upon mutation status, breast cancer affected/unaffected status and age at event or age at censoring, such that the observed breast cancer incidence rates in the study sample were consistent with established breast cancer risk estimates for BRCA1 and BRCA2 mutation carriers (27) . Analyses were stratified by year of birth (based on quartiles of unaffected), ethnicity, country of residence, study site and mutation status. A robust variance approach was used to estimate the standard errors of the parameters to allow for the dependence of individuals from the same family. Each of the 333 SNPs that passed quality control was formally evaluated for associations with risk under a log-additive model. In addition, estimates were separately generated for one and two copies of the minor allele versus two copies of the major allele. Betweenstudy heterogeneity for each SNP was assessed by fitting a model that estimated study-specific log-hazard ratios (HR), and comparing this against the model that estimated a singlepooled log-hazard ratio via a likelihood ratio test. Forest plots were used to assess consistency of study specific effects for rs6138178 (SNRPB), rs6602595 (CAMK1D), rs9393597 (LOC134997) and rs12652447 (FBXL7). To determine the degree to which the inclusion of ovarian cancer cases may have influenced the risk association, analyses were performed after excluding all individuals diagnosed with ovarian cancer. To further explore the influence of inclusion of prevalent cases in the study, analyses were performed after exclusion of subjects who were diagnosed with breast cancer more than 5 years prior to age of mutation diagnosis. Because of the good 5-year survival rate for breast cancer, this avoids substantial survival bias in the collection of BRCA1 carriers. In addition, a further analysis treating prophylactic oophorectomy as a time-dependent covariate was conducted.
Cumulative risk assessment in BRCA1 and BRCA2 mutation carriers
The proportion of genetic modifying variance explained by each of the SNPs was estimated by ln(c)/s 2 , as previously described (18, 28, 29) , where c was the estimated coefficient of variation in incidence rates due to each SNP, obtained from the SNP genotype frequencies and the ordinal hazard ratio estimates, and s 2 was the total polygenic variance component for breast cancer risk, estimated at 1.32 for BRCA1 and 1.73 for BRCA2 mutation carriers (5) . In addition, the HR estimates of candidate SNPs were integrated with estimates of either BRCA1 or BRCA2 penetrance (1) to further estimate the influence of candidate SNPs on the absolute risk of breast cancer. This was achieved by constraining breast cancer incidence to match estimates of BRCA1 or BRCA2 penetrance by year of age and by estimating the cumulative incidence of breast cancer that corresponded to each genotype, or genotype combination, by applying the estimated HRs such that the appropriate baseline breast cancer incidence was retained while reflecting the relative risk differences among the genotypes, or genotype combinations. Plots of the resulting breast cancer cumulative incidence estimates corresponding to each genotype of each candidate SNP were generated.
A series of three models were fit to the data for the top two SNPs, separately for BRCA1 and BRCA2 carriers, in order to assess the combined effects of two candidate BRCA1 modifiers and also two candidate BRCA2 modifiers on breast cancer risk. The first model estimated a separate HR for each combination of genotypes, with those simultaneously homozygous for the major alleles serving as the reference group. The second model estimated an ordinal (log-additive) trend for each SNP, together with a multiplicative interaction between the ordinal effects for the two SNPs. The third model simply estimated an ordinal effect for each of the two SNPs. Score tests that accounted for familial clustering were used to test if increasing model complexity significantly improved model fit. Estimates from the models that most parsimoniously fit the data from the two SNPs were integrated with estimates of BRCA1 and BRCA2 penetrance (1) to calculate the cumulative risk of breast cancer for each combination of SNP genotypes in BRCA1 and BRCA2 carriers separately.
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